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I PREAMBLE
Single-spin asymmetries are one of the oldest forms of high-energy spin measurement, the reason being accessibility: the only requirement is either beam or target polarised, for Λ 0 production neither is necessary! However, after early interest (due to large experimental effects), a theoretical "dark age" descended: pQCD had apparently nothing to say, save that such asymmetries are zero! We now know that the rich phenomenology is matched by a richness of the theoretical framework: the main topic of my talk.
One might argue the inapplicability of pQCD to existing SSA data owing to the low Q 2 accessed while there are several non-pQCD models that can explain some (though not all) of the data. Examples may be found in []. However, I shall examine SSA's purely from within the pQCD framework.
Transversity too has a long history: the concept (though not the term) was introduced in Ralston:1979ys by *Ralston:1979ys via the Drell-Yan process. The leading order (LO) anomalous dimensions were first calculated by Baldracchini:1981uq but forgotten. They were recalculated by *Artru:1990zv and it turns out that they had also been obtained by various groups as part of the g 2 evolution []. A complete classification of chirally-odd densities including transversity, is due to *Jaffe:1992ra. However, as yet there are no experimental data on transversity. This is owing to the inaccessibility (discussed later) of transversity in inclusive deeply-inelastic scattering (DIS).
After introducing single-spin asymmetries and transversity, I shall discuss SSA's in lepton-nucleon and hadron-hadron scattering in some detail and close with a few brief comments and conclusions. A large part of what follows is taken from the Physics Reports by *Barone:2001sp and from a forthcoming book by *Barone:2002b2. Thus, much credit is due to my two collaborators. polarisation, p a beam direction, and k that of a final-state particle. Thus, polarisations in SSA's will typically be transverse (but see later). Transforming the basis from transverse spin to the more familiar helicity,
, such an asymmetry takes on the (schematic) form
The presence of both |+ and |− in the numerator implies a spin-flip amplitude while the precise form indicates interference between spin-flip and non-flip amplitudes, with a non-trivial relative phase difference. It was soon realised [] that in the Born approximation and massless limit a gauge theory, such as quantum chromodynamics (QCD), cannot furnish either requirement since fermion helicity is conserved and tree diagrams are real. Quoting from []: " . . . observation of significant polarizations in the above reactions would contradict either QCD or its applicability." Later, however, examining the three-parton correlators related to g 2 , *Efremov:1985ip found a way out: the mass scale relevant to spin flip is not that of a current quark but the hadron and the two-loop nature of the diagrams can give rise to an imaginary part. Nonetheless, it was a while before the complexity of the new structures was fully exploited (see, e.g., []) .
Transversity is the third twist-two partonic density. At this point it is important to make the distinction between partonic densities-q(x), ∆q(x), ∆ T q(x), . . . and DIS structure functions-F 1 , F 2 , g 1 , g 2 , . . . In the leadingtwist unpolarised and helicity-dependent cases there is a simple connection between the two: DIS structure functions are weighted sums of partonic densities; in contrast, there is no DIS transversity structure function and g 2 does not correspond to a partonic density. The absence of transversity in DIS is illustrated in Fig. 1 . Note that chirality flip is not a problem if the quarks connect to different hadrons, as in Drell-Yan processes. The three twist-two structures are then:
∆f (x) = dξ
The γ 5 matrix signals spin dependence while the extra γ 1 matrix in ∆ T f (x) signals the chirality-flip that precludes transversity contributions in DIS.
For somewhat similar reasons the LO QCD evolution of transversity is non-singlet like: quark-gluon mixing would require a chirality-flip in a quark
. Left, transversity evolution kernel; right, disallowed gluon-fermion mixing.
propagator-see Fig. 2 . The LO quark-quark splitting functions are then:
Note that the first moments of both P 
By considering hadron-parton helicity amplitudes (see the figure alongside), Soffer:1995ww constructed an interesting bound involving transversity. Taking into account all relevant symmetries there are only two independent amplitudes, in terms of which all three densities are expressed:
A straight-forward Schwartz-type inequality:
which is precisely the Soffer bound. Notice that it involves all three leading-twist structures.
III A DIS DEFINITION FOR TRANSVERSITY
The other twist-two densities are naturally defined via DIS, where the parton picture is formulated and many model calculations performed.
When translated to Drell-Yan (DY) processes, large K factors appear ∼ O(πα s ).
At RHIC energies this corresponds FIGURE 4.Hypothetical Higgs-photon interference mechanism.
to a ∼ 30% correction, at EMC/SMC nearly 100%. Pure DY coefficient functions are known, but are scheme dependent. Moreover, a ln 2 x/(1−x) term appears that is not found for spin-averaged or helicitydependent DY. Together with recent problems arising in connection with vector-scalar current products, this suggests an interesting check.
One might invoke a Higgs-photon interference mechanism, which, though experimentally hardly viable, does provide a DIS-type definition for transversity since the presence of a scalar vertex forces chirality flip. Care must be taken over the extra renormalisation contribution from the scalar vertex, which factorises into the running mass (or Higgs coupling). One then needs to calculate diagrams of the form of Fig. 4 (and correspondents for DY) in order to obtain the relevant higher-order Wilson coefficients. term. The DIS-DY "transformation" coefficients for the unpolarised and transversity cases are:
IV T-ODD STRUCTURES
We now wish to generalise the k ⊥ -integrated density functions to include all possible correlations between the quark and parent-hadron spins, later on we shall find we also need k ⊥ -dependent generalisations. Thus, some extra notation will be required (see []). In this way objects like ∆ T L f have a simple interpretation:
• subscripts 0, L and T in density and fragmentation functions denote the quark polarisation state,
• superscripts 0, L and T denote the parent or off-spring hadron polarisation state.
The superscript is dropped when equal to the subscript.
The aim then is to parametrise the quark-quark correlation matrix (see Fig. 6 ) in the most general manner, while respecting the natural properties of hermiticity, parity, and time-reversal invariance, though, as we shall see later, this last may be relaxed. The most general decomposition of Φ over a complete basis of Dirac matrices is
where the quantities S, V µ , A µ , P 5 and T µν are to be constructed from the vectors k µ , P µ and the pseudovector S µ .
Relaxing T invariance allows two new twist-two structures:
These give rise to two k ⊥ -dependent T -odd density functions, f ⊥ 1T and h ⊥ 1 *Boer:1998nt:
The partonic interpretation is as follows. The density f ⊥ 1T relates to the number density of unpolarised quarks in a transversely polarised nucleon:
The T -odd density h ⊥ 1 measures quark transverse polarisation in an unpolarised hadron:
It is convenient to define two quantities ∆ 
The question now arises as to why we should entertain such T -odd quantities at all. There are various attitudes: Anselmino:1998yz (among others) advocate initial-state effects, which prevent implementation of naïve time-reversal invariance. The suggestion is that the colliding hadrons interact strongly with non-trivial relative phases, akin to those arising from final-state effects. An alternative has been proposed by Anselmino:2002yx: they apply a general argument on time reversal for particle multiplets suggested by Weinberg:1995mt. If the internal structure of hadrons is described at some low momentum scale by a chiral lagrangian, time reversal might be realised in a "non-standard" manner that could mix the multiplet components. According to this approach, the u (d) density transforms into the d (u) density, and time-reversal invariance simply establishes a relation between the u and d sectors. One might hope to access transversity through exclusive leptoproduction of vector mesons (see Fig. 7 alongside) . However, Mankiewicz:1998uy showed that the chirally-odd contribution to vectormeson production is actually zero at LO in α s . Diehl:1998pd and Collins:1999un later extended this, observing that the chirally-odd contribution vanishes due to angular-momentum and chirality conservation in the hard scattering and so holds at leading twist to all orders in α s . Thus, exclusive vector-meson leptoproduction cannot probe (off-diagonal) transversity densities.
The cross-section for production off a longitudinally polarised target is []:
Transversity is not present here, but the asymmetry does depend on the Collins function H 
VI HADRON-HADRON SCATTERING
FIGURE 8.Single-hadron production with a transversely polarised target.
Let us now examine singlehadron production with a transversely polarised target. The process is exemplified in Fig. 8 alongside: A is transversely polarised and the unpolarised (or spinless) hadron h is produced at large transverse momentum P hT , therefore pQCD is applicable. In typical experiments A and B are protons while h is a pion. According to the factorisation theorem, the differential cross-section for the reaction may be written formally as 
The first term (not containing transversity) is a chirally-even mechanism studied by *Qiu:1998ia, the second term is the chirally-odd contribution analysed by *Kanazawa:2000hz, and the third contains a twist-three fragmentation function D
h/c . Admitting twist-three contributions, the SSA in DY is []
where f T (x) andh(x) are twist-three T -odd density functions. The existence of such Todd density functions has been advocated by Boer:1999mm to explain an anomalously large cos 2φ term seen in unpolarised DY data. As presented, such contributions would require initialstate interactions-this may be considered unlikely. Hammon:1997pw have shown that SSA's may arise from gluonic poles in twist-three multiparton correlation functions (see Fig. 10 . (22) Comparing this with the previous expression we may identify
Thus, T -odd functions at twist three, can explain A DY T via quark-gluon interactions, without initial-state effects.
VII CONCLUSIONS
The study of single-spin asymmetries has become a very complex area of high-energy spin physics. A plethora of new structure and fragmentation functions has opened the way to explaining much existing phenomenology. However, in order to distinguish and separate out the various mechanisms proposed, a large amount of diverse high-energy data will be necessary and it is difficult (if not indeed irrelevant and even misleading) to single out at a few key experiments. In other words, all new data will be very welcome.
